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ABSTRACT
This thesis describes experimental investigation of thermal and combustion phenomena
as well as structure for self- propagating combustion synthesis of porous Ni - Ti intermetallic
aimed for structural biomedical application. The control parameters for the porosity distribution
have been investigated experimentally through varying the preheat temperature, initial porosity,
initial elemental particle size, and applied pressure during the fabrication process. Ni and Ti
elemental powders are mixed using a 1:1 ratio. The mixture is compressed using several different
compression forces to produce cylindrical samples of 1.1 cm diameter and 2-3cm length, with
initial porosity ranging from 30% to 40%. The samples are preheated to various initial
temperatures and ignited from the top surface such that the flame propagates axially downwards.
The combustion reaction is recorded with a motion camera. An infrared sensor is used to record
the temperature profile during the combustion process. The samples are then cut using a diamond
saw in both longitudinal and transverse directions. Image analysis software is then used to
analyze the porosity distribution in each sample.
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CHAPTER 1: INTRODUCTION

1.1 Motivation
Self-propagating high-temperature synthesis or SHS has received considerable attention
due to the many benefits over common methods used for producing metal matrix composites.
The benefits of SHS include low cost/energy requirements, and ease of application to produce
homogeneous product [1-5]. Due to the increasing popularity of the process, it has recently been
extensively investigated numerically and experimentally [1-7].
The motivation for this study is the potential to apply the SHS technique to produce
intermetallic NiTi material for biomedical applications. The perfect material for biomedical
applications such as bone replacement must exhibit excellent biocompatibility, mechanical
properties matching the adjoining tissue, and a surface structure/composition that encourages its
incorporation into the body [8,9]. This is mainly because existing materials, used because of their
good biocompatibility, typically exhibit undesirable mechanical properties such as high elastic
moduli [8,9].
The mechanical properties of porous NiTi match closely to that of the human bone [9].
The non-corrosive, biocompatibility, and strength properties make porous NiTi a good candidate
for bone replacement. Since the porosity of the human bone varies throughout the body. Several
variables are being analyzed as control parameters for porosity variables in the finished NiTi
product. The objective of this research is discussed in further detail in the next section.
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1.2 Objective
The objective of this study is to quantify the effect of processing conditions on the
thermal profile as well as the porosity distribution in the final porous NiTi product. Specifically
this study will focus on the following key objectives:



Validate PACS process: Specimens of porous NiTi will be synthesized under various
processing conditions and micro-structurally analyzed for porosity and pore morphology.
Heating temperature, ignition temperature, particle size and sample densification pressure
will be used as control parameters in each experiment.



Determine structure-property correlation for porous NiTi material: The data obtained
from experiments will be analyzed and used to identify relationships between
porosity/pore morphology.



Validate near net shape capabilities of porous NiTi: Cylindrical samples of porous NiTi
will be placed in molds of different shapes and undergo the combustion synthesis
process. The shape of the resulting sample will be examined relative to that of the mold.
Micrographs of the final product will also be taken and analyzed.
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1.3 Background
This section discusses important characteristics needed for structural biomaterials as well
as characteristics of NiTi. The different fabrication techniques used to make NiTi and other
intermetallics will be identified. These fabrication techniques are used to alter the mechanical
properties and pore morphology.
1.3.1 Characteristics of structural biomaterials
Materials used for structural biomedical application within the human body must exhibit
mechanical properties similar to that of the bone. Specifically they must exhibit the following
characteristics [10-12]:



Biocompatibility (allows tissue growth through material)



High strength and low stiffness(significant in preventing deformation or fracture,
and stress shielding effects)



High toughness (essential to avoid brittle failure)



Shape-recovery behavior (promotes mechanical stability within the host tissue)

NiTi has exhibited potential in all the aforementioned qualities to be a good candidate for
biomedical structural material. Its high biocompatibility allows blood flow and tissue growth
throughout the sample. Two other important characteristics of porous NiTi are high recoverable
strain and low elastic modulus [11]. These characteristics are very important for loading
3

purposes. In addition to the mechanical properties that mimic hard tissue in the human body,
NiTi has good imaging characteristics being quite visible on MRIs [10]. Porous NiTi has thus
received considerate attention from the medical field due to these characteristics. The next
section discusses some fabrication techniques used to produce porous NiTi and other metal
composites.
1.3.2 Fabrication techniques
Self-propagating high-temperature synthesis (SHS) or Combustion Synthesis (CS)
SHS or CS is a technique used for fabricating metal matrix composites through an
exothermic chemical reaction. The process generally consists of compressing two or more metal
species together and preheating the specimen to a prescribed temperature. The sample is
immediately ignited, initiating a chemical reaction that causes a wave to propagate and sustain
through the sample. The final product is largely determined by the processing parameters such as
the material properties, preheat temperature and ignition temperatures as well as particle size [3,
4, 14, 17-22]. The effects of these parameters have been widely investigated and found to have a
significant impact on the final product [3, 4, 14, 17-22].
Pressure Assisted Combustion Synthesis (PACS)
Pressure-assisted combustion synthesis or the PACS [18] process is a derivative of the
standard combustion synthesis (CS). Specifically, it combines densification or cold pressing of
Ni and Ti particles with CS. Densification of the mixture decreases the overall porosity of the
4

sample as well as increases the total area for direct contact between Ni and Ti particles [15]. The
desired outcome of compressing Ni and Ti particles is to create a homogeneous phase
composition and promote a more uniform and isotropic pore distribution. Figure 1.1 illustrates a
transient liquid phase joint when the surfaces of two particles completely touch and join together
resulting in isothermal solidification [24, 25]. Densification is enforced to achieve complete
liquid phase.

Figure 1.1 Homogenization of Ni and Ti particle [25]

Fig. 1.2 is a schematic illustration of PACS. The particles are first mixed together and then
compressed. The cylindrical sample is then heated and ignited causing the flame (shown in (c))
to propagate through the material.
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Figure 1.2 Schematic sketch of the PACS process. (a) Mixture of Ni and Ti particles, (b)
pressure being applied to particles, and (c) Combustion synthesis [24]

Hot-Isostatic Pressing (HIP)
Hot Isostatic Pressing or HIP is a technique used for fabrication of metal matrix
composites. The process involves applying pressure on the sample in all directions during
combustion synthesis. Initially particles of two or more metals are pressed together creating a
compressed sample. The sample is then placed inside of a HIP furnace which is evacuated and
backfilled with Argon [26]. Heat is applied and gradually increased which in return increases the
pressure applied to the sample. The increase in temperature triggers a chemical reaction allowing
combustion synthesis to take place. Figure 1.4 is a schematic sketch of the HIP process.

6

Figure 1.3 Illustration of HIP technique [26]
Ignition techniques
Various ignition methods are often used during combustion synthesis of metal particle
mixtures in order to change the sample structure. Two different ignition methods are described
below.
Arcing
In the arcing method samples are usually heated to a specific heating temperature as done
in any SHS process. The sample is then ignited using a high voltage electric arc. The sample is
typically placed under the arcing flame. Figure 1.4 illustrates the arcing technique. Chapter 2
discusses a study which applies the arcing method during fabrication of NiTi to change the

7

direction of the sample combustion channels. The various combustion channels were found to
change the mechanical properties of each sample.

Figure 1.4 Arc ignition [27]
Selective laser sintering (SLS)
Selective laser sintering combines SHS and laser application to produce porous metal
composites [28]. SLS is used as a rapid prototyping method for metal composites [28]. Unlike
most SHS processes SLS does not start off with compressed samples. Instead SLS involves laser
sintering for several different layers [28]. The metal composite powder is shaped and layered
using a prototyping device. Once the first layer is created a chemical reaction is initiated through
use of a laser. This process is completed for each layer created. The necessary laser voltage is
determined based on the thickness of the layer [28]. This particular ignition technique is
attractive for biomedical structural materials because of its ability to shape a sample into a
specific shape.
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1.3.3 Formation of pores
In the fabrication process of porous NiTi the formation of pores may be attributed to a
particular fabrication method or process parameter. Tay et. al. [29] explains that the formation of
pores could be due to high pressure argon trapped in initial pores, original pores in pressed
compact, or diffusion rates of Ni and Ti (Ni diffusion rate > Ti diffusion rate). Other sources of
pore formation may be due to the behavior of the liquid phase during the segment of which the
flame propagates down from the ignition surface causing Ni and Ti particles to melt and merge
together [8]. During this process a liquid and solid solution or semi-solid matrix is produced
from different Ni and Ti diffusion rates [8]. Figure 1.5 illustrates the semi-solid matrix on three
dimensional scales.

Figure 1.5 Illustration of semi-solid matrix in 3 dimensional scales [8]
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When the slurry consist of a lower liquid fraction the original pores of the compacted sample are
the main source of pore formation. However when the liquid fraction is higher new pores are
able to form and the liquid can flow with less resistance. The liquid fraction can be altered
through changing the combustion temperature of the process.

1.3.4 Medical applications of NiTi
In the medical field porous NiTi can be used for hard tissue replacement, surgical tools,
wire support, etc. Below are several different medical applications for porous NiTi along with a
brief description for each application [30-33].


Intervertebral fusion devices: Utilized for spinal support to persons with back pain, or
certain deceases (lumbar spinal stenosis, intermittent neurogenic claudication, etc.).



Vascular Stents: Vascular stents are utilized to provide flow in the arteries and veins
within the body. Lack of flow within the veins and arteries may occur due to certain
deceases such as atherosclerosis that block the fluid vessels or may cause irregular flow
within the veins and arteries.



Guide wire: Guide wires are used to clear plaque from the arteries. A catheter is inserted
into the arteries, next a thin guide wire is placed in the catheter and positioned to the
plaque segment of the artery. A balloon and stent are slid down the guide wire which is
used to open up the blocked segment of the artery.
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Braces: NiTi wires are used for orthodontic wire application to keep braces aligned and
tight.



Dental implants: NiTi is used as a tool for root canals.



NiTi wire bone support: NiTi wire is sometimes used to hold bones together in order for
them to reconnect with one another.

1.4 Organization
This thesis is organized into 5 chapters of which this chapter is the first. Chapter 2
describes current or existing fabrication methods for producing NiTi. This chapter will also
describe the unique mechanical properties NiTi and the applications that take advantage of these
properties. Chapter 3 discusses the methodology used in this study. The results from the
procedure are analyzed and discussed in chapter 4. Chapter 5 is the conclusion, summarizing the
major findings of the study. It also includes recommendations for further study.
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CHAPTER 2: LITERATURE REVIEW

2.1 Overview
NiTi also referred to as Nitinol was first discovered for its shape memory alloy (SMA)
abilities in 1962 by William Beuhler [34]. Beuhler worked at the US Naval labs and discovered
this rare characteristic in the process of developing a heat and corrosive resistant alloy [34]. In
recent years NiTi has become a major contender in the biomedical field. With mechanical
properties that mimic bone, control of the alloy has been investigated in many ways. A variety of
combustion methods have been used in efforts to control the mechanical and physical features of
porous NiTi. This section will discuss important mechanical properties which structural
biomaterials should have. The chapter will also describe several studies in which the
characteristics and mechanical properties of porous NiTi are altered through various fabrication
techniques. Lastly this chapter will discuss implant applications of porous NiTi.

2.2 Important Characteristics of Structural Biomaterials
Porous NiTi is a strong candidate for bone replacement and other structural biomedical
materials due to its corrosion resistance, wear resistance and mechanical properties [10]. The
porous structure of metallic NiTi promotes biocompatibility which is highly desirable for
applications within the human body [35]. A study was completed in which porous NiTi, porous
Ti, dense Ni and dense Ti scaffolds were implanted into 5mm holes of a rabbit’s femur for 15
12

weeks [35]. Figure 2.1 shows the results of the study with the images showing tissue growth
within the scaffolds [35]. However, the porous NiTi scaffold was found to bond best with the
rabbit’s body [35].

Figure 2.1: (a) NiTi implant showing tissue growth, (b) Ti scaffold showing growth, (c)
Magnified view of bone tissues growth into the peripheral pores of porous NiTi, and (d)
Magnified view of bone tissue growth into the peripheral pores of porous Ti [35].

Another important factor when considering metallic implants for orthopedic surgery is the elastic
modulus [36]. A sufficiently higher or lower elastic modulus will result in stress-shielding or
improper loading of the bone [11,36]. The Young’s modulus value of most metallic biomaterials
13

is usually considerably higher than those of hard tissue or cortical bone (below 20 GPa) such as
stainless steel (210 GPA) [36]. NiTi alloy has an elastic modulus of 48 GPa which is much closer
to the elastic modulus of bone. The next section discusses different techniques used to alter the
mechanical properties and pore morphology of porous NiTi.

2.3 Fabrication Methods
2.3.1 Effects of preheating and chamber pressure
The effects of preheating and chamber pressure during the SHS process have been
investigated by Wisutmethangoon et al. [37]. Ni and Ti powders were mixed using a 1:1 ratio,
and then cold pressed at 8 MPa into cylindrical samples. SHS experiments were carried out in a
reaction chamber using varying chamber pressure and preheating temperature values. Argon was
passed throughout the chamber at 138kPa and 201kPa. The following preheating temperatures
were used: 200 °C, 250 °C, and 300 °C. A type K thermocouple was placed on the top portion of
the sample to record the combustion temperature. Samples were ignited from the top using a
Tungsten coil. Preheat temperature and chamber pressure were utilized as control parameters on
the effects of product composition and pore morphology which was analyzed through scanning
electron microscopy (SEM) micrographs [37].
The effects of chamber pressure and preheating temperature on the combustion
temperature are showing below in Table 2.1. The results exhibit an increasing combustion
temperature with increasing preheating temperature. Li et al [38] used thermodynamic equations
to explain the increase in combustion temperature due to increasing preheating temperature. The
14

increase in chamber pressure has an opposite effect on the combustion temperature. This can be
explained by the decrease in the adiabatic combustion temperature and the enthalpy of formation
[37, 38].
Table 2.1: Effect of preheating temperature and chamber pressure on the combustion temperature
of sample compacts at 8MPa [37]
Preheating temperature
(ºC)
200

138kPa Combustion
temperature (°C)
703 13

201 kPa Combustion
temperature (ºC)
696 13

250

730

18

723

13

300

749

11

744

10

Table 2.2 shows the final pore morphology obtained as a function of the chamber pressure and
preheat temperature [37]. The results indicate a decrease in both the total and open porosity with
increasing preheat temperature. Figure illustrates the difference between closed and open pore
figuration. However, the total and open porosity does increase with increasing chamber pressure
except at preheat temperature of 300 °C. It can be seen from the results of Table 2.2 that the
chamber pressure has little effect on the porosity, as also evidenced in pore morphology
micrographs shown in Fig. 2.1 [37].

15

Figure 2.2 Open and closed pore figuration. The left pore demonstrates an open pore while the
right pore represents a closed pore.

Table 2.2: Total porosity, open porosity and open porosity ratio of synthesized samples at
different SHS conditions [37]
Preheating
temperature (ºC)
200
250
300

Argon gas
pressure in
reactor (KPa)

Total porosity
(vol.%)

Open porosity
(vol.%)

138
201
138
201
138
201

57.9
58.0
56.8
57.2
56.2
56.1

55.8
56.9
55.4
55.6
52.4
50.2

Figure 2.3 shows the synthesized sample micrographs for chamber pressures of 138KPa (a,b,c)
and 201KPa (d,e,f). [37] The images confirm that chamber pressure has little effect on pore
morphology. However, the images do indicate a change in pore morphology orientation at higher
preheat temperatures.

16

Figure 2.3: Longitudinal views of SHS synthesized parts at different preheating temperatures and
different chamber pressures: (a) 200°C, 138 kPa, (b) 250°C, 138 kPa, (c) 300°C, 138 kPa, (d)
200°C, 201 kPa, (e) 250°C, 201 kPa, (f) 300°C, 201 kPa [37]

The main conclusion that could be drawn from this study is that chamber pressure has a small
effect on pore morphology and combustion temperature in addition the preheat temperature has a
larger impact on the combustion temperature and pore morphology than the chamber pressure
[37].
17

2.3.2 Hot-isostatic pressing (HIP) technique
Liu et al. [39] discusses a variation of the HIP method: Capsule Free (CF) – HIP.
“Capsule free” refers to the elemental powders being cold pressed and not packed (without using
pressure) inside of a stainless steel container [39,40]. In this particular study three different types
of samples were fabricated by CF-HIP to evaluate the effects of the densification pressure, TiH2,
and NH4HCO3 on the final pore morphology [39]. One sample set (A) was fabricated using
different compaction pressures, while another sample set (B) was made by mixing Ni, Ti and 9.0
wt.% TiH2 powders with atomic ratio of 1:1 and cold pressed at 200MPa. The third sample set
(C) was fully mixed with Ni and Ti powders, and 30 wt% NH4HCO3 with atomic ratio of 1:1
compacted at the same pressure as the second set B.
Experiments were performed in a HIP chamber which was evacuated with a vacuum.
Once the chamber was evacuated it was filled with argon. Initially the argon pressure was set to
100MPa at room pressure [39]. The argon pressure and temperature were then increased to
150MPa and 1050 °C [39] for a total of 3h. An optical microscope was used to analyze the
microstructure of each sample. Compression tests were carried out to obtain mechanical
properties for each sample.
The results from this study prove CF-HIP to be a promising method for controlling pore
shape and size. This method also demonstrates capability to improve the mechanical properties
of porous NiTi. The results from the study show that the final porosity stays in the range of 2028 vol% demonstrating that compaction pressure has a significant impact on final porosity [39].
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From this study it is shown that the final porosity distribution is significantly lower than the
green porosity. This was attributed to pore shrinkage during the CF-HIP process [39].
It was found that the addition of TiH2 in sample set B produced interconnected pores. The
compression strength decreased due to this pore morphology. The results for compression
strength of each sample obtained and analyzed in this study. The compressive strain and residual
strain values of sample sets A and C are closes to that of bone and would be most beneficial for
use of structural support within the human body.
This study shows that the densification pressure on green compacts or addition of TiH2,
or NH4HCO3 can be used as control parameters for final porosity [38]. Overall this study proves
CF-HIP to be a promising method of controlling pore size shape and strength of porous NiTi.
2.3.3 Arc method
Kaya et al. [41] explores the effect of combustion channels on the compressive strength
of porous NiTi. Synthesized NiTi samples were fabricated using the SHS process; however
ignition was by means used of a high voltage electric arc. The samples were ignited at different
locations to change the orientation of the combustion channels. Figure 2.5 shows some results
obtained indicating the ignition point and resulting combustion channel orientation.
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Figure 2.5 Macrographs of porous NiTi synthesized by igniting at different locations at 350 °C.
(a)ignited from the top, (b) ignited at an angle, (c) ignited perpendicular to side surface [41].

Compression tests were carried out for three samples a, b and c. The results from the
compression test are displayed in Table 2.3. An increase in compression strength is observed in
the cases resulting in longitudinal combustion channels (sample b and c) [41]. The results prove
that the combustion channel orientation has a major effect on the compression strength of porous
NiTi [41].

Table 2.3 Displays values for the ultimate compression strengths and Young’s modulus [41]
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The arcing method proved to be an effective way of altering compression strength for porous
NiTi. Ignition methods that occur through the use of heating coil lack the ability to vary the
ignition location which is a major advantage of using the arcing method.
2.3.4 Summary
The fabrication processes described above are illustrative of the variety of processes that
are being tested or utilized to alter the mechanical or physical features of porous NiTi. The other
methods not include selective laser sintering (SLS), electron beam melting, Quasi-isostatic
pressing (QIP), Spark Plasma sintering (SPS) and more [10, 22-42]. The present chapter reflects
the progress that is being made in controlling the structure and properties of porous NiTi
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CHAPTER 3: METHODOLOGY

3.1 Overview
Chapter 3 describes the experimental procedure used to fabricate porous NiTi in this
study. The equipment setup, sample fabrication and process procedure are described in detail.
The methodology utilized, is the pressure-assisted combustion synthesis (PACS) technique [8]
which is derived from the standard SHS technique.

3.2 Experimental Setup
Figure 3.1 illustrates the experimental apparatus utilized for the study. It comprises of a
heating wire, a stainless steel iso-velocity argon flow controller, an insulator, a motion camera
and infrared sensor. All test were carried out in an open air environment in which argon flowed.
Footage of each experiment was recorded with a Redlake Motion camera. An infrared sensor
(MICRO EPSILON, thermometer CTM-2) was used to monitor thermal changes during each
experiment. Data from the Redlake motion camera and infrared sensor were obtained through a
data acquisition system. Elemental Ni-Ti particles were mixed together using an atomic ratio of
1:1 and cold pressed at 13344N, 22241N, and 26689N . Samples were set on top of insulation
and then heated with a Nichrome heating coil (controlled by a DC power supply (HY3030E)).
Samples were then ignited from the top with a zigzag Nichrome wire (controlled by a DC power
supply (HY3050E)). Synthesized samples remained in argon flow until complete thermal cooldown was achieved.
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Figure 3.1 Schematic of the experimental apparatus [24]

3.3 Description of PACS Equipment
3.3.1 Argon flow calculation
Figure 3.1 illustrates the experimental setup for this study. As mentioned in a previous
section 3.2, the experiments were carried out in an open air environment to allow easy
monitoring of the process through camera and temperature sensor. An inert gas (argon) is thus
used to continuously purge the system to prevent the sample from being in contact with oxygen.
A Computational Fluid Dynamics (CFD) model was developed in a previous study [24] to
estimate the optimal argon flow velocity V0 required for that purpose. For each experimental
process the preheating sample typically lasted 8-10mins, while the ignition segment lasted for
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10-60sec. The flame front wave typically took three seconds to propagate down the sample. Due
to the long duration of the preheat phase there is ample chance for oxidation to occur. Thus the
CFD model was focused on the preheat segment and utilized to determine Vo under two steady
state conditions. Table 3.1 shows the two boundary conditions utilized for the model.
The results from the simulations are presented in Fig. 3.2 (low preheat temperature) and
3.3 (high preheat temperature) [24]. The figure shows the predicted distribution of oxygen mole
fraction around the sample as a function of the axial(x) and radial(r) positions respectively. From
the results it was found that the maximum oxygen mole fraction will be less than 0.01% when V0
= 3cm/s for both low and high preheat temperatures. Thus V0 = 3 cm/s was used as the flow rate
for argon for all the experiments.

Table 3.1 Boundary conditions used in simulation cases [24]
Low preheating
temperature

High preheating
temperature

Heating wire

630 oC

930 oC

Ni - Ti Cylinder
surface

330 oC

550 oC

Insulator surface

130 oC.

230 oC

24

0.05

Rim

Mole Fraction of O2
0.01
0.005
0.001
0.0005
0.0001
1E-05

0.04

1E-05

r (m)

0.03

0.02

Heating wire
0.
00

0.01

01

0.00

Insulator

0.
05 0.001 005

0.01

Ni-Ti Cylinder
0

0

0.02

0.04

x (m)

0.06

0.08

0.1

A. V0 = 2 cm/s

0.05

Rim

Mole Fraction of O2

0.04

0.01
0.005
0.001
0.0005
0.0001
1E-05

r (m)

0.03

0.02

0.01

Heating wire
1E-

Insulator

0.0

05

Ni-Ti Cylinder
0

0

0.02

0 01 0 .
00 0
05 .00 0.005 0.01
1

0.04

x (m)

0.06

0.08

0.1

A. V0 = 3 cm/s
Figure 3.2 Contours of mole fraction of oxygen for V0 = 2 cm/s and 3 cm/s in low preheating
state [24]
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Figure 3.3 Contours of mole fraction of oxygen for V0 = 2cm/a and 3 cm/s in high preheating
state [24]
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3.3.2 Temperature data collection
An infrared sensor (MICRO EPSILON, thermometer CTM-2) was utilized to obtain the
thermal profile for each experiment. This sensor allowed monitoring of the preheat and
combustion temperatures. The data from the sensor was gathered through a data attainment
system at an interval of 10ms through a USB interface. During the preheat process each sample
was probed with a thermocouple (OMEGA, K type, bead size 0.12 mm and response time of
about 10 ms) many times to assure precision of the temperature sensor and also to adjust the
material emissivity coefficient (emissivity for Ni-Ti is .55). Figure 3.4 shows the infrared sensor
at the top left section of the photograph. The output of the sensor can be analyzed on the sensor
box (shown at the bottom right hand side of the figure) or through computer connection.

Figure 3.4 Micro Epsilon infrared sensor
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Due to thermal variances during the combustion synthesis the emissivity value changed with the
Ni-Ti surface temperature. The error in the recorded combustion temperature was set to 20°C.
3.3.3 Redlake motion camera
All experiments were captured using a Redlake motion camera. The camera was placed
approximately 5 inches vertically from the top of the insulation material, and then positioned to
have complete viewing range of the Ni-Ti sample. The Redlake motion camera settings were
manipulated (such as frames per second, and color) through a data acquisition system. Camera
focus and lighting were controlled and set directly on the camera. The combustion process was
configured to be viewed and analyzed at any speed.
3.3.4 Heating and ignition wire setup
The Nichrome heating wire shown in Fig. 3.5 below was placed within the insulation
walls of the equipment. The heating wire was made with 7-8 coils (0.5 mm outer diameter). Each
coil was carefully spaced to prevent wire burnout. The wire was controlled by a DC power
supply (HY3030E) with the capability to uniformly preheat the sample to any prescribed
temperature of up to 700oC within 10 minutes.

28

Figure 3.5 Heating wire placed inside insulation walls

Nichrome was also used as the ignition wire (0.5 mm diameter) as shown in Fig.3.6. The ignition
current was controlled by another DC power supply (HY3050E). The ignition wire was set up
approximately 2 mm above the top surface of the sample. Due to the 1400 °C melting point of
Nichrome, heating temperature had to be decreased once ignition took place.
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Figure 3.6 Ignition wire setup

3.3.5 Two-dimensional (2D) porosity calculation software (ImageJ)
The ImageJ software [44] was used to configure and analyze micrographs of NiTi
samples produced. The program was utilized to calculate 2D area porosity, sample histograms,
and range variations of pore size and shapes. In addition the program was used for visualization
of porosity distribution for the samples produced.
The program calculated area porosity as a percent by dividing the total pore area by the
entire area analyzed (area measured in pixels). The program is able to decipher the difference
between a pore and non-pore formation by color. Generally pores appear darker than the surface
allowing the program to calculate measurements based on the size of darker shades.
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3.4 Experiments Performed
3.4.1 Experimental procedure
Figure 3.1 in a previous section illustrates the experimental set-up used for the study. It
consists of a stainless steel iso-velocity Argon flow controller, an insulator, a heating wire, an
ignition wire, a motion camera and an infrared sensor. Ni-Ti cylindrical samples were made
through cold pressing Ni and Ti particles together. Each sample was fabricated using a 1:1
mixture. All the tests were carried out in an open air environment in which argon flowed. The
test were monitored using a Redlake Motion camera and an infrared temperature sensor. Each
Ni - Ti sample was set on top of an insulator situated within a solenoid Nichrome heating coil
[24].
As described earlier in a previous section 3.2 the ignition wire was placed approximately
2mm from the top surface of the Ni-Ti surface. The ignition energy was delivered by radiation
heat transfer through the 2 mm gap between the ignition wire and sample surface [24]. The
combustion front propagation speed was then analyzed from the images of the reaction front
position, which was recorded by the motion camera system at a frequency of 50 f/sec. The
proceeding sections describe in detail the Ni-Ti fabrication method, process parameters and SHS
process used in this study.

31

3.4.2. Sample fabrication
Two sample sets were produced using 37µm Ni and Ti particle sizes and 2.5µm Ni and
5µm Ti particle sizes. The following procedure was used in preparing each sample: Ni and Ti
particles were weighed separately using a 1:1 ratio. The specifications shown in table 3.2 and
equations 3.1-3.4 were used in calculating the ratio weights.
Table 3.2 Ni and Ti powder specifications
Atomic weight
Density (g/cm^3)

Ni (99.9% purity)
58.71
8.908

Ti (99.9% purity)
47.90
4.506

Ti-Ni mass ratio = 47.9 : 58.71 = 1:1.2257

(3.1)

Ti mass percent = 1 / 2.2257 = 44.93%

(3.2)

Ni mass percent = 55.07%

(3.3)

Once the Ni and Ti particles were measured they were then thoroughly mixed. The Ni-Ti mixture
was placed in a stainless steel cylindrical die and compressed using a carver hydraulic press.
Figure 3.7 shows the cylindrical die and Fig. 3.8 displays a typical Ni-Ti sample after the
densification process.
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Figure 3.7: Ni-Ti cylindrical die

Figure 3.8: Ni-Ti sample after initial densification process
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The densification process was carried out at different pressure values over the range
13000-27000 N. After fabrication each sample was wrapped in individual zip lock bags and then
stored in an air tight container. This step was necessary to prevent oxidation of the sample, which
would have inhibited successful completion of the combustion process. It was also vital to store
the Ni and Ti particles in separate air tight containers again to prevent oxidation of the particles.
3.4.3 Experimental parameters
The experimental parameters used in the study include the following: pre-heating
temperature, ignition temperature, and particle size. These parameters were varied and analyzed
throughout the combustion process. Table 3.3 shows the input parameter values used in the
study. Samples were compressed at 13345N, 26689N, 22241N. The first set of samples consisted
of a 1:1 mixture of 37µm Ni and Ti particle size. The second set consisted of a 1:1 mixture of 2.5
µm Ni particle size and 5 µm Ti particle size.
Table 3.3 Input process parameters used for sample densification pressures of 13345N, 26689N,
22241N.
Heating Temperature (ºC)
≈600
≈500
≈350
≈600
≈500
≈350
≈600
≈500
≈350

Ignition Temperature (°C)
≈1100
≈1100
≈1100
≈1050
≈1050
≈1050
≈1000
≈1000
≈1000
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3.4.4 Combustion synthesis
Ni-Ti samples were placed in the center of the heating coil and pre-heated for 10 minutes.
The heating source was then either decreased or completely shut off to prevent melting of the
Nichrome wire (melting temperature: 1400 °C). The ignition process immediately started after
the 10 minute heating period. It usually took approximately 1-3 minutes for the Ni-Ti sample to
foam and undergo the combustion process. Argon was allowed to flow throughout the system at
optimal flow rate to prevent oxidation of the sample.
3.4.5 NiTi analysis
Scanning electron microscope micrographs, area porosity, and pore distribution were
analyzed for each NiTi sample. Each sample was cut in both longitudinal and transversal
directions using a Buehler diamond saw. A SEM was used to obtain micrographs of each sample.
Porosity distribution was then evaluated using the ImageJ imaging software. The software
produced sample pore distribution graphs along with area porosity calculations.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Overview
This chapter presents the results obtained in this study. The results include the effect on
porosity of prescribed densification pressures, particle size, heating temperature and ignition
temperature. Porosity distribution and consistency are analyzed by means of data imaging
software. A 3mm x 3mm segment of each sample was analyzed for area porosity, pore
distribution and characteristics for both X and Y segments. The near net shape capabilities of the
PACS process is also verified. The samples investigated are designated as A1, A2 and A3 for
densification force 13344N, 22241N, and 26689N respectively in order to ease presentation of
results.

4.2 Effect of Processing Parameters
4.2.1 Preheat temperature
The effect of preheat temperature was investigated holding constant the ignition
temperature, densification pressure, and particle size. The data obtained are separated by the
sample compression pressure to magnify any trends that may appear for the preheat temperature.
All samples were ignited at 1100°C. A 3mm x 3mm sample size was analyzed for each sample.
SEM micrographs for sample A2 are presented in Figs. 4.1 and 4.2 for X and Y-sections
respectively. The corresponding results for sample A3 are shown in Figs. 4.3 and 4.4. In general
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pore sizes in sample A2 are more uniform than those in sample A3. The pores of sample A2 in
most cases produce small spherical shaped pores, while sample A3 exhibits large pores. This
trend is attributed to the change in densification force. Densification of Ni and Ti elemental
particles decreases the initial porosity and improves contact of particle surface area. The decrease
in the contact area between Ni and Ti particles at low compaction force results in insufficient
liquid phase that produce large voids. Similar trends also occur for excessively high densification
force. In the case of A2 inducing a lower pre-heat temperature causes the least amount of
uniformity which can be seen in Figs. 4.1(C) and 4.2 (C).

A

B

C

Figure 4.1 SEM micrographs for sample A2 (densification force = 22241 N) in the X-direction
(A = preheat temp. ≈ 600ºC, B = preheat temp. ≈ 500ºC, C = preheat temp. ≈ 350ºC)
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A

B

C

Figure 4.2 SEM micrographs for sample A2 (densification force = 22241 N) in the Y-direction
(A = preheat temp. ≈ 600ºC, B = preheat temp. ≈ 500ºC, C = preheat temp. ≈ 350ºC)

A similar trend can be seen in Figs. 4.3 and 4.4 for sample A3. Figures 4.3A and 4.4A show that
smaller pores are obtained at the highest preheat temperature. As the preheat temperature
decreases the sample pore size increases. At preheat temperature ≈ 600ºC (shown in 4.3(A) and
4.4(A)) the pore distribution is more uniform.

A

B

C

Figure 4.3 SEM micrographs for sample A3 (densification force = 26689 N) in the X-direction
(A = preheat temp. ≈ 600ºC, B= preheat temp. ≈ 500ºC, C= preheat temp. ≈ 350ºC)
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A

B

C

Figure 4.4 SEM micrographs for sample A3 (densification force = 26689 N) in the Y-direction
(A = preheat temp. ≈ 600ºC, B= preheat temp. ≈ 500ºC, C= preheat temp. ≈ 350ºC)

Figures 4.5 and 4.6 show the pore frequency for sample A2 with distance along the X and
Y direction respectively. Specifically the figure shows the amount of pores in a prescribed area
by detecting the pixel intensity. Pores in the SEM images generally appear darker than nonporous surfaces. The software uses this principal to calculate a value based on the color and size
of

the

pore.

The

higher

the

pore

frequency

value

the

higher

the

number

of pores in the area being analyzed. An increase in pixel intensity may also be due to a larger
void space. Figs. 4.5 and 4.6 show that pore distribution varies widely on the sample A2
considered. The trends observed in both the X and Y directions are however consistent. In Figs.
4.5 and 4.6 the sample processed at 600 °C appears to have the most uniform porosity
distribution. This trend is attributed to the increasing combustion temperature with increasing
preheat temperature. Li et. al. [41] used thermodynamic equations to show that a higher preheat
temperature leads to a higher combustion temperature. Thus a higher preheat temperature is able
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to improve the overall chemical reaction causing the sample to achieve close to complete liquid
phase where new pores are formed. At lower preheat temperatures the reaction is governed by a
more solid state reaction meaning the original pores of the green sample are the main source of
pores obtained in synthesized products. This observation is also shown in Tables 4.1 and 4.2.
The corresponding pore frequency results for sample A3 are presented in Figs. 4.7 and
4.8. The pores obtained in sample A2 (Figs. 4.5 and 4.6) are observed to be more homogeneous
than those of sample A3 (Figs. 4.9 and 4.8). This may be due to the change in densification
force. Higher densification force increases the contact area between particles causing the initial
porosity to decrease. The decrease in porosity makes it more difficult for liquid to flow when Ni
and Ti particles began to melt. This results in porosity having a non-uniform distribution on the
sample surface.
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Figure 4.5 Pore frequency analysis of sample A2 in the X-direction
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Figure 4.6 Pore frequency analysis of sample A2 in the Y-direction

Figure 4.7 shows that at 600°C preheat temperature, the pore frequency is quiet high in
the X-direction of the sample. At the same temperature the pore frequency varies from a high
value to nearly zero in the Y-direction in Fig. 4.8, rises and then subsequently falls to very low
value. The initial high pore frequency is due to the large voids seen in Figs. 4.3 and 4.4.
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Figure 4.7 Pore frequency analysis of sample A3 in the X-direction
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Figure 4.8 Pore frequency analysis of sample A3 in the Y-direction

The changes in area porosity for samples A2 and A3 are examined due to changes with
the preheat temperature during the PACS process. Table 4.1 shows data for the sample
compressed at 22241N (A2) and Table 4.2 displays data for the sample compressed at 26689N
(A3). Samples A2 and A3 were arbitrarily chosen for analysis. Tables 4.1 and 4.2 in general
exhibit a trend of decreasing area porosity with decreasing preheat temperature. This is due to the
decrease in the combustion temperature with decreasing preheat temperature. At lower preheat
temperatures the solid fraction increases causing the final porosity to decrease. In Table 4.1
sample A2 obtains identical X and Y area porosity values are obtained at the lowest preheat
temperature. Sample A3 in table 4.2 shows a decrease of porosity with decreasing preheat
temperature in the X-direction while for the y direction at preheat temperature of 500°C
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increases. This trend is due to an increase in pore size of the 500°C preheat. Visual analyses of
sample A3 in Figs. 4.3 and 4.4 confirm the increase in pore size at preheat temperature of 500°C.
Despite the increase in porosity, sample A3 subsequently exhibits decreasing area porosity with
decreasing pre-heat temperature.
Table 4.1 Area porosity data for sample A2 with ignition temperature ≈ 1100ºC
Preheat Temperature
(°C)
≈600
≈500
≈350

X-direction Area
Porosity (%)
10
8
5
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Y-direction Area
Porosity (%)
13
10
5

Table 4.2 Area porosity data for sample A3 with ignition temperature ≈ 1100°C
Preheat
Temperature (°C)
≈ 600
≈ 500
≈ 350

X-direction Area
Porosity (%)
11
7
3

Y-direction Area
Porosity (%)
8
12
5

4.2.2 Ignition temperature
The effect of ignition temperature on the final pore morphology is analyzed in Figs. 4.9
and 4.10 for X and Y- directions respectively. All samples were compressed at 22241 N,
preheated to ≈ 600 °C and ignited at 3 different ignition temperatures (≈ 1000 ºC, ≈ 1050 ºC, and
≈ 1100 ºC). In Fig. 4.9 sample A processed at the lowest ignition temperature (≈ 1000 ºC) shows
large voids scattered about the sample. The same pore characteristic can be seen in sample B. At
the highest ignition temperature (≈ 1100 ºC) the pores become more spherically-shaped and
obtain a more uniform pore distribution than that of samples A and B. The same trend can be
seen in Fig. 4.10 for the Y-direction. From visual observation it can be seen that the effect of
ignition temperature on the final pore morphology is similar to the effect of preheat temperature.
This is due to the increase in temperature of the overall reaction. Sample C in Figs. 4.9 and 4.10
seems to have a more uniform pore distribution than that of samples A and B. The pore
distribution is further analyzed in Figs. 4.11 and 4.12.
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A

B

C

Figure 4.9: SEM micrographs showing different pore morphology in the Y-direction for
samples processed at preheat temperature ≈ 600 ºC at different ignition temperatures (A ≈
1000°C, B ≈1050°C, C ≈ 1100°C)

A

B

C

Figure 4.10: SEM micrographs showing different pore morphology in the Y-direction for
samples processed at preheat temperature ≈ 600 ºC at different ignition temperatures (A ≈
1000°C, B ≈1050°C, C ≈ 1100°C)

Figures 4.11 and 4.12 display pore distribution for the X and Y-directions respectively.
As expected sample C has a more uniform pore distribution than that of samples A and B.
Samples A and B in Figs. 4.11 and 4.12 show segments of high pore frequency due to the large
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voids shown in Figs. 4.9 and 4.10. This trend is due to an increase in the liquid fraction with
increasing ignition temperature. At lower ignition temperatures it appears that the area porosity is
lower and that is because the liquid fraction is lower at lower temperatures. At higher ignition
temperatures the liquid fraction increases causing formation of new pores. This trend is observed
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in Table 4.3.

Pore Frequency (X-direction)
200
180
160
140
120

1100ᵒC

100

1050ᵒC

80

1000ᵒC

60
40
20
0
0

0.5

1

1.5

2

2.5

3

3.5

Distance (mm)
Figure 4.11: Pore distribution in the X-direction for samples processed at preheat
temperature ≈ 600 °C
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Figure 4.12: Pore distribution in the Y-direction for samples processed at preheat
temperature ≈ 600 °C

Table 4.3 displays a trend of increasing area porosity with increasing ignition
temperature. The table also shows that samples B and C have the most uniform area porosity
distribution when comparing individual X and Y segments.

Table 4.3 Area porosity data for sample A2 processed at preheat temp. 600ºC
Preheat temperature (ºC)
≈1000 (A)
≈1050 (B)
≈1100 (C)

X-direction Area
Porosity (%)
3
6
10
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Y-direction Area
Porosity (%)
8
7
13

4.2.3 Densification pressure
The effect of densification pressure is examined in this section as a control parameter for
porous NiTi. The samples were processed at a preheat temperature of 600 °C and ignition
temperature of 1100 ºC. As in the previous section A1, A2 and A3 represent samples at different
densification pressures.
SEM micrographs are shown in Figs. 4.13 and 4.14. In general porosity distributions in
both directions depend on the exerted force. For example, both samples A1 and A2 produced
with a relatively smaller force (13344N and 22241N) have most uniform distribution of porosity
which varies transversally and longitudinally in both samples. The pores of sample A1 are large
and scattered randomly in the sample due to the relatively small force applied. There are also
many isolated small pores spread on the surface of the sample. Specifically, the pore size appears
to become more uniform through formation of smaller pores and more spherical-shaped voids.
This trend may be attributed to the transient intermediate liquid phase during the combustion
synthesis. As mentioned in prior chapter 2, densification of Ni and Ti particles decreases the
initial porosity and improves contact of particle surface area. This enhances the chemical
reaction and reduces final porosity of the final product. Overall, sample A2 appears to have the
closest approach to fairly uniform porosity.
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A1

A2

A3

Figure 4.13 SEM micrographs forces applied are A1(13344N), A2(22241N) and A3(26689N)
(X-direction) (preheat temp. ≈ 600°C ignition temp. ≈ 1100°C)

A1

A2

A3

Figure 4.14 SEM micrographs forces applied are A1 (13344N), A2 (22241N) and A3 (26689N)
(Y-direction) (preheat temp. ≈ 600°C ignition temp. ≈ 1100 °C)

Table 4.4 shows area porosity of samples A1, A2 and A3 (both X and Y directions) for
respectively. Table 4.4 presents data for samples processed at a preheat temperature of 600 °C
and ignition temperature of 1100 °C while Table 4.6 shows data for samples processed at a
preheat temperature of 500 °C and ignition temperature of 1100 °C. Table 4.4 shows sample A1
has the highest area porosity, followed by A2 and A3 in both the X and Y directions. In the
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consensus of the results presented in the previous Figs. 4.13 and 4.14, samples A2 and A3
exhibit the highest uniformity of area porosity. Overall sample A2 has the most consistent pore
uniformity. The observed trend of decreasing area porosity with increasing densification pressure
may be attributed to the initial porosity of the sample before the PACS process. Densification of
sample increases the contact area between elemental Ni and Ti which in turn enhances chemical
reaction to produce bulk NiTi. Thus in order to produce porosity in the final product, a careful
control is desirable between the various input processing conditions.
Table 4.4: Area porosity data for samples A1, A2 (Samples processed at preheat temp. ≈ 600 °C,
ignition temp. ≈ 1100 ºC)
Sample (N)
13344(A1)
22241(A2)
26689(A3)

X-direction Area
Porosity (%)
15
11
10

Y-direction Area
Porosity (%)
11
8
7

Figures 4.15 and 4.16 show porosity distribution in the longitudinal (X) and transversal
(Y)-directions respectively. Both figures show the variation of pore frequency with distance
across the sample. The pore frequency is measured in pixels and given a value based on color
and size of the observed area (The bigger and darker the observed region the higher the pixel
value). The dark area on the SEM micrographs generally represents voids within the sample.
Figure 4.15 shows sample A3 has the least amount of uniform pore distribution, while A3 has the
highest. Sample A3 has virtually no voids at the end but very large voids within the sample,
reaching a maximum at about 2mm within the sample.
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Figure 4.15: Pore intensity for sample in the x-direction (Samples processed at preheat temp. ≈
600 °C, ignition temp. ≈ 1100 ºC)

The corresponding results to Fig. 4.15 is presented in Fig. 4.16 for area porosity in the Ydirection. Samples A1 and A3 again exhibit the least amount of pore uniformity compared to A2.
Sample A1 has large voids due to the low densification force applied. The consistent pore
uniformity observed for sample A2 in both the X and Y-directions (Figs. 4.15 and 4.16) may be
attributed to the compaction force of samples prior to the PACS process. At low densification
force pore sizes are larger and not consistent across the sample as seen in Figs. 4.13 and 4.14.
The decrease in the contact area between Ni and Ti particles at low compaction force results in
insufficient liquid phase that produce large voids. Similar trends also occur for excessively high
densification force. The increase in compaction force significantly decreases the initial pore size
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thereby almost creating a bulk material. When the liquid phase occurs some of the liquid may
either stay in place or fill small voids. Sample A2 appears to have been produced with best

Pore frequency (Pixel Intensity)

densification force among the three forces investigated.
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Figure 4.16: Pore intensity for sample set 1 in the Y-direction(Samples processed at preheat
temp. ≈ 600 °C, ignition temp. ≈ 1100 ºC)

4.2.4 Particle size
This section analyzes the effects of initial particle size on area porosity,

pore

morphology and distribution. The preheat temperature, ignition temperature and densification
force are all kept constant. Two different Ni and Ti particle mixture sizes are considered. The
samples are produced with a preheat temperature of about 500 °C, ignition temperature of about
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1050°C and a densification force of 22241N. Sample A2 represents composite with particle sizes
of 37µm Ni and 37µm Ti while A2.1 represents samples fabricated with 2.5µm Ni particle and
5µm Ti.
Figures 4.17 and 4.18 present SEM micrographs of the two particle sizes in the X and Ydirections respectively. Sample A2 in Fig. 4.17 shows a small pore frequency with pore
configurations. On the other hand sample A2.1 displays a moderate pore frequency and
spherical-shaped pores.

A2

A2.1

Figure 4.17 SEM micrographs of samples A2 and A2.1 in the X-direction processed at a preheat
temp. of 500 °C and ignition temp of 1000 °C.

Figure 4.18 shows A2 with a significant increase in void size than that of Fig. 4.17 A2.
There is a signification pore size increase as well as a decrease in the number of pores for the
surveyed area. A2.1 also shows a decrease in the amount of pores within the sample.
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A2

A2.1

Figure 4.18 SEM micrographs of samples A2 and A2.1 in the X-direction processed at a preheat
temp. of 500 °C and ignition temp of 1000 °C.

Table 4.5 presents data for samples compressed at 22241N at two different particle sizes.
The table shows a reduction in area porosity with decreasing particle size. This trend may be
attributed to the increase in available contact area with decrease in particle size. This in turn
enhances compaction, promotes chemical reaction and increases the intermediate liquid phase. In
effect a portion of the liquid phase may stay place or fill voids thereby reducing the porosity. The
effect of particle size decrease is generally similar to the effect of increasing compaction force.
Table 4.5 Area porosity for A2 and A2.1 (Samples processed at preheat temp. ≈ 500 °C and
ignition temp. ≈ 1050 °C)
Sample (N)
(A2)
(A2.1)

X-direction Area
Porosity (%)
8
5

Y-direction Area
Porosity (%)
5
3

Figures 4.19 and 4.20 show pore distribution for samples A2 and A2.1 in both the X and
Y-directions respectively. In Figure 4.21 sample A2.1 exhibits a significant pore consistency
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compared to sample A2. Figure 4.20 shows large voids are concentrated on the left side (x=0) of
sample A2.1 while sample A2 has large voids at both left and right. Observation of the data in
Figs. 4.19 and 4.20 show that both samples A2 and A2.1 seem to have better pore distribution
transversally (i.e. X-direction).

Pore frequency (Pixel Intensity)

Pore frequency (X-direction)
160
140
120
100
80
A2

60

A2.1

40
20
0
0

1

2

3

4

Distance (mm)

Figure 4.19 Pore distribution for samples A2 and A2.1 in the X-direction (Samples processed at
preheat temp. ≈ 500°C and ignition temp. ≈ 1050°C)
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Figure 4.20 Pore distribution for samples A2 and A2.1 in the Y-direction (Samples processed at
preheat temp. ≈ 500°C and ignition temp. ≈ 1050°C)

In summary the particle size affects pore size and frequency within the NiTi samples.
Specifically the area porosity decreases with a reduction in particle size.
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4.3 Near-net Shape Processing
In this section the foaming behavior of NiTi during the SHS process is combined with
shape molding to assess the near-net shape capabilities of PACS process product porous NiTi.
Unlike the procedure described in chapter 3 the present approach involves placing the Ni-Ti
sample in a mold. Samples were compressed at an arbitrary densification pressure using 37µm
Ni and Ti particle size. Three different molds were fabricated using fire brick and sanding tools
to carve out a desired shape. Figure 4.21 illustrates the three different molds utilized in the nearnet shape analysis. Mold A consists of 4 lines carved (using a sanding tool) out from four
different sides of the sample. Mold B consist of a square extrusion while mold C consist of a
cylindrical extrusion. Each sample was processed at a preheat temperature of 600°C and ignition
temperature of 1100°C.

A

B

C

Figure 4.21: Ni-Ti molds

Figure 4.22 shows the corresponding results for using the molds in Fig. 4.21. Samples B
and C of Fig. 4.22 appear to match the prescribed molding accurately. However, in Fig. 4.22(A)
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a small amount of material is observed on each of the four sides extruded in the mold. The
material does not extend to the full length of the extruded lines of the mold but does mimic the
shape.

A

B

C

Figure 4.22: Sample mold results

In Figure 4.22(C) Combustion channels are observed at the bottom end which is the
result of a complete reaction taking place. The other two molds failed to induce a complete
chemical reaction for the NiTi samples. This usually results in a hollow synthesized sample at
the lower end of the sample. This is due to the sample combustion temperature rising above the
melting temperature of NiTi. The firebrick insulation may contribute to a significant increase of
heating temperature causing the combustion temperature to rise above the NiTi melting
temperature of 1310 °C.
The results of the samples produced in this section indicate that the PACS process has the
capability for near-net shape processing depending on the design of the mold. The near-net shape
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capabilities of PACS demonstrated in simple molds. However, some difficulty is observed when
using complex molds due to energy of reaction.

4.4 Summary
The influence of the preheat temperature, ignition temperature, densification force,
particle size and near net shape capabilities of porous NiTi processed utilizing the PACS process
have been analyzed. The results show that the processing parameters of the PACS process has a
significant impact on size and distribution of pores.
Preheat and ignition temperatures seem to have a similar effect on pore morphology for
porous NiTi. Due to an increase in combustion temperature a higher liquid fraction is created
during higher ignition and preheat temperatures causing the final area porosity to increase. When
preheat and ignition temperatures are lower the liquid fraction is lower resulting in a higher solid
fraction causing the main source of pore formation to be due to the samples original pores.
In the case of densification force area porosity decreases with increasing force and shows
more uniformity at moderate densification force. The results show that increasing Ni and Ti
particle contact area decreases the initial porosity and also improves the overall chemical
reaction. The same effects are seen in varying the particle size. A small particle size decreases
the initial porosity while increasing the particle size increases the initial porosity.
Overall, the results from this study prove the aforementioned processing parameters to be
an effective way to vary the final pore morphology of porous NiTi.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion
The combustion synthesis of Ni-Ti was investigated experimentally utilizing different
processing parameters. Cylindrical samples were utilized and the flame propagation was
measured as a function of the preheat temperature and initial sample porosity. The final product
was sectioned and analyzed for macro-porosity distribution. The major findings of the study can
be summarized thus:


Area porosity decreases with decreasing preheat and ignition temperatures. It is proven
that increasing the heating temperature increases the combustion temperature in the study
of Li et al. [41]. This is why increasing the ignition temperature has a similar effect on
area porosity.



Porosity decreases with increasing densification pressure. Lower densification pressures
have the ability to result in a more uniform pore distribution. This is due to the increase in
force decreasing the initial porosity.



Higher preheat temperature has the ability to produce a more uniform pore distribution.
The porosity distribution in the final product is significantly influenced by the processing
conditions.



The PACS process has the capability for near-net shape processing of porous
intermetallic.
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5.2 Recommendations
A number of issues were identified in this study to improve the PACS process. These
issues are addressed below. The experiment took occurred in an open argon environment of
making it very difficult to produce a controlled reaction. Sometimes the same experimental
parameter had to be tested several times on different samples because they resulted in a complete
foam reaction of the sample. A completely foamed sample would mainly produce material with
internal (hollow) void. This outcome hollow center could be due to oxygen getting into the
system and igniting the sample to an extremely high temperature. This could in turn cause the
particles to completely burn with no opportunity to participate in the chemical reaction. It is
therefore recommended that subsequent experiments should be performed in a reaction chamber.
In addition experiments performed in a closed environment would allow for a more
accurate temperature reading and temperature sensor placement. In many instances, considerate
time was spent adjusting the temperature sensor to assure a good temperature reading.
Another issue that was eventually addressed visually was the need to provide efficient
insulation throughout the combustion process. Initially, minimal insulation was being used which
did not allow for the sample to reach its prescribed heating temperature. This development was
observed after several failed experiments.
Another parameter that prohibited chemical reaction was the argon flow. This was
discovered during depletion of the argon supply while an experiment was being performed.
When this occurred, the argon flow rate slightly increased and then slowly decreased from that.
The sample created from this experiment resulted in the least amount of foaming which is very
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good for sample analysis. After this analysis the argon flow was slightly decreased and this
sufficiently improved the process.
In summary the main improvements or recommendations suggested for this study would
be to have experiments occur in a closed environment in which argon flow and temperature are
efficiently monitored.

5.3 Future Work
The mechanical properties of porous NiTi play a vital role when being applied in the
medical field for hard tissue implant. A significantly higher or lower elastic modulus may cause
the sample to damage surrounding hard tissue and can be very harmful to the host. Thus it is
imperative for NiTi to have similar mechanical properties to that of bone. It is intended to
continue this study by carrying out compression test on synthesized NiTi samples. The results
will be used to further analyze the effects of the PACS method on porous NiTi.
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APPENDIX A: SEM IMAGES
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Sample A1

Magnified SEM micrographs of sample A1 (X-direction) processed at 600°C preheat
temperature and 1100°C ignition temperature

Magnified SEM micrographs of sample A1 (Y-direction) processed at 600°C preheat
temperature and 1100°C ignition temperature
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Sample A2

Magnified SEM micrographs of sample A2 (X-direction) processed at 350°C preheat
temperature and 1100°C ignition temperature

Magnified SEM micrographs of sample A2 (Y-direction) processed at 350°C preheat
temperature and 1100°C ignition temperature
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Magnified SEM micrographs of sample A2 (X-direction) processed at 500°C preheat
temperature and 1100°C ignition temperature

Magnified SEM micrographs of sample A2 (Y-direction) processed at 500°C preheat
temperature and 1100°C ignition temperature
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Magnified SEM micrograph of sample A2 (X-direction) processed at 600°C preheat
temperature and 1000°C ignition temperature

Magnified SEM micrograph of sample A2 (Y-direction) processed at 600°C preheat
temperature and 1000°C ignition temperature
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Magnified SEM micrograph taken from an angle of sample A2 (X-direction) processed at
600°C preheat temperature and 1050°C ignition temperature

Magnified SEM micrograph taken from an angle of sample A2 (Y-direction) processed at
600°C preheat temperature and 1050°C ignition temperature
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Magnified SEM micrographs of sample A2 (X-direction) processed at 600°C preheat
temperature and 1100°C ignition temperature

Magnified SEM micrographs of sample A2(X-direction) processed at 600°C preheat
temperature and 1100°C ignition temperature
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Magnified SEM micrograph of sample A2 (X-direction) processed at 500°C preheat
temperature and 1000°C ignition temperature

Magnified SEM micrograph of sample A2 (Y-direction) processed at 500°C preheat
temperature and 1000°C ignition temperature
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Sample A3

Magnified SEM micrographs of sample A3 (Y-direction) processed at 500°C preheat
temperature and 1100°C ignition temperature

Magnified SEM micrographs of sample A3 (Y-direction) processed at 600°C preheat
temperature and 1100°C ignition temperature

72

Magnified SEM micrographs of sample A3 (Y-direction) processed at 600°C preheat
temperature and 1100°C ignition temperature
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